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Department of Chemistry, University of California, Berkeley, CaliforniaABSTRACT The ground-state structure and excited-state isomerization dynamics of the Pr and Pfr forms of phytochrome Cph1
are investigated using resonance Raman intensity analysis. Electronic absorption and stimulated resonance Raman spectra of
Pr and Pfr are presented; vibronic analysis of the Raman intensities and absorption spectra reveals that both conformers exist as
a single, homogeneous population of molecules in the ground state. The homogeneous and inhomogeneous contributions to the
overall electronic broadening are determined, and it is found that the broadening is largely homogeneous in nature, pointing to
fast excited-state decay. Franck-Condon displacements derived from the Raman intensity analysis reveal the initial atomic
motions in the excited state, including the highly displaced, nontotally symmetric torsional and C15–H HOOP modes that appear
because of symmetry-reducing distortions about the C14–C15 and C15¼C16 bonds. Pfr is especially well primed for ultrafast isom-
erization and torsional Franck-Condon analysis predicts a <200 fs Pfr/ Pr isomerization. This time is significantly faster than
the observed 700 fs reaction time, indicating that the Pfr S1 surface has a D-ring rotational barrier caused by steric interactions
with the protein.INTRODUCTIONBiological photoreceptors are responsible for the conversion
of sunlight into chemical energy and information, and as
such are critical for the survival and growth of the vast
majority of life forms. In plants and bacteria, phytochromes
regulate functional processes by interconverting between
two thermally stable isomers: the physiologically inactive
red-absorbing state (Pr) and the active far-red-absorbing
state (Pfr) (1). This transformation is achieved by a Z-to-E
isomerization about the C15¼C16 methine bridge in the
open-chain tetrapyrrole (bilin) chromophore, which is cova-
lently bound to the protein through a cysteine residue
(Fig. 1) (2). This rapid and reversible reaction is followed
by subsequent dark relaxation processes that eventually
lead to changes in protein conformation that are coupled
to the activation of target genes (3).
Ultrafast pump-probe electronic spectroscopy has been
used to investigate the photochemistry of various phyto-
chromes, revealing several intermediate states in the reac-
tion pathway. For the Pr / Pfr photoconversion, two
excited-state intermediates (I* and Lumi-R*) have been
identified that lead to the formation of the first ground-state
photoproduct Lumi-R (4–7). Dasgupta et al. (4) have shown
that Pr undergoes rapid structural change on the excited
state, forming the first fully isomerized excited-state inter-Submitted August 29, 2011, and accepted for publication November 28,
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0006-3495/12/02/0709/9 $2.00mediate Lumi-R* by 3 ps. For the Pfr/ Pr transformation,
at least three kinetic components involved in the formation
of the first photoproduct have been observed, but the inter-
mediate and photoproduct states remain poorly character-
ized (7,8). Previous studies have found that the E-to-Z
isomerization takes place on the order of ~700 fs (7–9),
although the first isomerized intermediate in the Pfr/ Pr
reaction has not yet been identified.
To further explore the early-time structural dynamics of
Pr and Pfr after excitation, it is necessary to employ
a high-resolution structural technique. Resonance Raman
(RR) spectroscopy is ideal for the examination of primary
photochemistry in pigment-containing proteins, as photoex-
citation near the electronic absorption of the chromophore
resonantly enhances Raman scattering from the chromo-
phore modes with minimal interference from scattering by
the surrounding nonresonant protein. While the vibrational
frequencies in a RR spectrum provide detailed information
about the ground-state molecular geometry, the RR line
intensities report on the early-time (0–50 fs) molecular
evolution on the excited-state surface (10). The intensity
of each vibrational line reflects the change in geometry
between the electronic ground and excited states along
that normal coordinate, and vibronic analysis reveals
mode-specific information about the excited-state potential
energy surface in the Franck-Condon (FC) region (11–14).
RR spectroscopy also allows the examination of the
ground-state structural composition of the bilin chromo-
phore, which is currently a major point of discussion. An
early argument for heterogeneity in both the Pr and Pfr
ground states was that the shoulder on the blue edge of
the absorption spectra (Fig. 2) represented a uniquedoi: 10.1016/j.bpj.2011.11.4019
FIGURE 1 Structural changes of the bilin chromophore during the Pr-to-
Pfr photocycle in phytochrome. The ground-state Pr chromophore structure
is depicted as ZZZssa at the AB, BC, and CD rings, respectively. Photoex-
citation results in isomerization of the C15¼C16 methine bridge between the
C- and D-rings, yielding the red-shifted ZZEssa product Pfr. The D-ring
in Pfr is twisted out of the plane by ~20
 due to the methyl-methyl steric
interaction.
FIGURE 2 Absorption spectra of the Pr and Pfr forms of phytochrome
Cph1 in TES-glycerol buffer at 295 K. The Pr form absorbs light maximally
at 660 nm whereas the Pfr form absorbs maximally at 700 nm. The two
forms are photoconvertible at room temperature.
710 Spillane et al.electronic transition due to a second conformational species
(15,16). Other researchers subsequently supported a hetero-
geneous composition based on the measurement of multiple
excited-state lifetimes by ultrafast pump-probe spectroscopy
(8,17–19). More recently, Song et al. (20) used magic-
angle spinning NMR spectroscopy to examine the Pr ground
state, and concluded that it consists of two isoforms with
different hydrogen-bonding networks in the chromophore-
binding domain. In contrast, using femtosecond stimulatedBiophysical Journal 102(3) 709–717Raman spectroscopy, Dasgupta et al. (4) monitored the
structural dynamics of Pr after photoexcitation and saw no
evidence of structural heterogeneity. In addition, we have
previously used RR intensity analysis to provide evidence
that Pr is homogeneous in the ground state (21).
Here we present a more complete RR intensity analysis
study on Pr as well as an analysis of the ground-state struc-
ture and excited-state dynamics of Pfr. Vibronic analysis
provides an in-depth analysis of the Pr and Pfr ground-state
composition, and the RR intensities reveal the initial
atomic displacements on the excited-state surface for each
of the observed normal modes. In addition to the expected
displacements in the C¼C stretch and torsion, we see a
strong C15–H HOOP displacement in Pfr that reveals the
multidimensional nature of the initial photochemical
dynamics.MATERIALS AND METHODS
Experimental methods
Recombinant Cph1(N514) was expressed and purified as a phycocyanobi-
lin-bound holoprotein as described previously (22). The purified protein
was then dialyzed overnight against 1 L buffer (25 mM TES-KOH,
pH 8.0, 25 mM KCl, 10% glycerol). Before spectroscopic studies, samples
were concentrated in Amicon spin prep columns (10-kDa cutoff; Millipore,
Billerica, MA) to 1.25  104 M.
The RR spectra were obtained using the femtosecond stimulated Raman
spectroscopy setup that has been described previously (23). Briefly, a home-
built mode-locked Ti:sapphire oscillator was amplified by a 1 kHz, 800 mJ
regenerative amplifier (Alpha 1000/US). This produced a train of 50-fs
pulses centered at 795 nm that were used to generate the pump and probe
pulses for the Raman measurements. A grating-based spectral filter gener-
ated the Raman pump pulse (790.4 nm, 4 ps, 3 mJ). A small portion of the
amplifier output was used to produce the ~20-fs probe pulse by continuum
generation in a 3-mm-thick sapphire plate, followed by pulse compression
in a fused silica prism compressor. The near-infrared portion of the
continuum was selected with an 830-nm long-pass filter and split into probe
Phytochrome Structure and Isomerization Dynamics 711and reference beams by a 50:50 beam splitter, producing a 6-nJ probe pulse
at the sample point. The noncollinear, horizontally polarized Raman pump
and probe pulses were focused at the sample point, after which the probe
was spatially selected, collimated, and sent with the reference beam to
the spectrograph (ISA HR320, 600 grooves/mm). The beams were then
dispersed and imaged onto a Pixis:100F charge-coupled device (Princeton
Instruments, Trenton, NJ). The charge-coupled device read-out rate was
1 kHz, allowing for single-shot detection. The frequency resolution was
10 cm1, as determined by the 802 cm1 cyclohexane band. The Raman
spectra were determined as the ratio of the Raman-pump-on probe spectrum
divided by the Raman-pump-off probe spectrum after normalization with
the reference beam.
The samples were flowed through a homemade 1  2  40 mm
Borofloat-glass flow channel and all measurements were taken at room
temperature. The 500 mL sample was stored in a glass reservoir and driven
through the flow cell by a peristaltic pump connected with PTFE tubing
(0.5-mm inner diameter). The flow rate (~1 mL min1) was adjusted to
replenish fresh samples for each laser pulse. For Pr Raman measurements,
the photoexcited material was converted back to the Pr ground state by
irradiation of the reservoir by a high-powered LED (720 nm, 5 mW;
Roithner Lasertechnik, Vienna, Austria) through an RG695 long-pass filter
(Newport, Irvine, CA). For Pfr measurements, the reservoir was irradiated
by a 650 nm, 2 mW LED. Sample integrity was confirmed by steady-state
Raman and ultraviolet/visible spectroscopy before and after the experi-
ments and no irreversible spectral changes were observed.
For low-temperature (glass) absorption measurements, the sample was
mixed with glycerol (65:35, v/v ratio) and sealed in a cryostat (Oxford
Instruments, Abingdon, UK) using a silanized 200-mm quartz cell (Starna,
Romford, UK). All molecules in the sealed sample were converted to the Pr
form by saturating irradiation at room temperature with the 720-nm LED
and an absorption measurement at room temperature revealed the OD at
660 nm to be 0.26 (per 200 mm). The sample was cooled to 100 K and
an absorption measurement of Pr was taken. It was then brought to room
temperature and photoconverted to a 70:30 mixture of Pfr/Pr by saturating
irradiation with the 650 nm LED (24). The sample was again cooled to
100 K and the absorption measurement was repeated. The pure Pfr absorp-
tion spectrum at each temperature was calculated as APfr ¼ (APr/Pfr  0.3 
APr)/0.7, where APr and APfr are the absorption intensities of the Pr and Pfr
forms, respectively, and APr/Pfr is the absorption intensity of the mixed
sample.Computational methods
Absolute Raman cross sections of Cph1 were calculated as described
previously in Kelley (10) by comparing the integrated peak areas to that
of the 1049 cm1 NO3
 symmetric stretch. Because high concentrations
of nitrate denature the protein, the calibration was done indirectly by the
following process. First, the differential cross section of the 1049 cm1
NO3
 symmetric stretch was determined to be (5.87 5 0.01) 
1031 cm2 molecule1 steradian1 at 790.4 nm excitation by extrapolation
from the known differential cross section at 514.5 nm excitation ((10.95
1.09)  1030 cm2 molecule1 steradian1) (25). This extrapolation was
achieved using the Albrecht A-term expression, which gives the frequency
dependence of the differential Raman cross sections as
vsR
vU
¼ Kn0ðn0  nmnÞ3
 n2e þ n20
n2e  n20
22; (1)
where the constant K is 1.56  1028 cm2 molecule1 steradian1 and the
frequency of the transition to the resonant electronic excited state (ne) is52,300 cm1 (25). In this expression, nmn represents the frequency of the
vibrational band of interest and n0 represents the excitation frequency.
The Raman spectrum of TES-buffer containing 250 mM NO3
 and
1.233 M glycerol was then measured and the differential cross section of
the 1049 cm1 glycerol C–OH stretch at 790.4-nm excitation was deter-mined to be (1.31 5 0.14)  1030 cm2 molecule1 steradian1 using
the above-calculated nitrate differential cross section and
vsglyc
vU
 ¼ ðnSÞ
3
glyc
ðnSÞ3nit
Aglyc
Anit
cnit
cglyc
ðvsnit
vU
Þ; (2)
where (nS)glyc and (nS)nit are the scattering frequencies, Aglyc and Anit are the
integrated peak areas, and c and c are the concentrations of glycerolglyc nit
and NO3
, respectively. By the same method, the Raman spectrum of
1.25 104 M phytochrome Cph1 in TES-buffer containing 1.096 M glyc-
erol was measured at 790.4 nm and the glycerol C–OH stretch was used as
an internal standard to determine the differential cross sections of the Cph1
bands. The absolute Raman cross sections of Cph1 were then determined
using
sR ¼ 8p
3

1þ 2r
1þ r

vsR
vU

; (3)
where the depolarization ratios, r, for all Cph1 bands were measured and
found to be ~1/3.Absorption and Raman cross sections were calculated using the time-
dependent wavepacket formalism of RR scattering (26). The absorption
cross sections, sA, were determined by the Fourier transform of hiji(t)i,
where jii is the initial vibrational wavefunction on the ground electronic
surface and ji(t)i is this initial wavefunction propagating on the excited
electronic surface (Eq. 4). The absolute Raman cross sections, sR, were
determined by the square of the half-Fourier transform of hfji(t)i, where
jfi is the final vibrational wavefunction on the ground electronic surface
(Eq. 5):
sAðELÞ¼ 4pe
2M2EL
6Z2cnqð2pÞ1=2
ZN
0
dE
 exp
ðE E0Þ2
2q2
	ZN
N
dthijiðtÞieG2Gt2=Z2eiðELþεiÞt=Z;
(4)
3 4 4
ZN  2	sRðEL;ESÞ¼ 8pESELe M
9Z6c4qð2pÞ1=2
0
dE  exp ðE E0Þ
2q2








ZN
0
dthf jiðtÞieG2Gt2=Z2eiðELþεiÞt=Z







2
;
(5)
where EL and ES are the frequencies of the laser and scattered light,M is the
electronic transition length, E is the zero-zero transition energy, ε is the0 i
vibrational energy of eigenstate i, GG is the Gaussian homogeneous broad-
ening, and q is the standard deviation of the Gaussian distribution of zero-
zero transition energies. The time-dependent overlaps, hiji(t)i and hfji(t)i,
depend on the dimensionless parameters {Di}, which represent the change
in equilibrium geometry between the ground and excited states in mode i
upon electronic excitation as the displacement between the ground and
excited electronic state harmonic minima. RR intensity calculations were
performed using the program RRModel.f, written by Anne Myers Kelley
of University of California at Merced (Merced, CA), to model the experi-
mental absorption spectra and Raman cross sections. Relative D-values
were initially estimated from the integrated intensities of the observed
Raman bands assuming Ii f ui
2Di
2 (12). The overall scaling of {Di},
the homogeneous broadening GG, the inhomogeneous broadening q, theBiophysical Journal 102(3) 709–717
712 Spillane et al.zero-zero energy E0 and the electronic transition length M were then
adjusted to provide the best fits.FIGURE 4 Absorption spectrum of the Pfr form of phytochrome Cph1 at
(a) 295 K in TES-glycerol buffer (pH 8.0) and (b) 100 K in TES-glycerolRESULTS
The experimental and calculated absorption spectra of the Pr
and Pfr forms of phytochrome Cph1 are shown in Figs. 3 and
4, respectively. Spectra of 295 K solutions (Fig. 3 a and
Fig. 4 a) and 100 K glasses (Fig. 3 b and Fig. 4 b) were
acquired. The Pr absorption cross section at 295 K was
determined to be 3.25 A˚2/molecule at the 660-nm maximum
based on the molecular extinction coefficient ε660 ¼
85,000 M1 cm1 (27). Relative to this value, the peak cross
sections of the 100K Pr form and the 295 and 100K Pfr forms
were determined to be 4.5, 1.88, and 2.70 A˚2/molecule,
respectively. At 295 K, both isomers display a poorly
resolved shoulder on the blue edge of the spectrum. Upon
cooling to 100 K, the shoulder becomes more clearly
resolved due to a decrease in spectral broadening. The small
feature at 700 nm in the Pr spectra is due to residual Pfr, and
accounts for <5% of the total integrated area. The minor
baseline difference to the blue of 580 nm for Pr and
630 nm for Pfr is caused by a weak transition at 360 nm
that was not taken into account in the calculations (28,29).
The Raman spectrum of 1.25  104 M phytochrome
Cph1 in the Pr form excited at 790.4 nm is presented inFIGURE 3 Absorption spectrum of the Pr form of phytochrome Cph1 at
(a) 295 K in TES-glycerol buffer (pH 8.0) and (b) 100 K in TES-glycerol
buffer mixed with glycerol at a v/v ratio of 35:65. The calculated curves
are shown (dashed lines) superimposed on the individual spectra and
were determined using the parameters listed in Table 1.
buffer mixed with glycerol at a v/v ratio of 35:65. The calculated curves
are shown (dashed lines) superimposed on the individual spectra and
were determined using the parameters listed in Table 2.
Biophysical Journal 102(3) 709–717Fig. 5 a. The most notable features are the coupled C¼C
and C–C torsions and in-plane twists at 664 cm1, C5–H
and C15–H hydrogen-out-of-plane or HOOP wags at
793 and 810 cm1, respectively, vinyl N–H and C–H in-
plane rocks at ~1315 cm1, the C¼NHþ stretch at
1568 cm1, and the C¼C stretch at 1630 cm1. The C¼C
stretch band has a poorly resolved shoulder at 1658 cm1
that has been assigned to the C4¼C5 (A–B ring) stretch,
while the main peak at 1630 cm1 represents a delocalized
mode comprising the C15¼C16 methine bridge and the
C17¼C18 double bond in the D-ring (30).
In the case of Pfr, due to the 70% Pr-to-Pfr photoconver-
sion efficiency, the concentration of Pfr molecules in
the sample was 8.75  105 M. The Pr contribution to the
Raman spectrum was subtracted before analysis, and the
pure Pfr spectrum is shown in Fig. 5 b. The most prominent
bands in the Pfr spectrum are the coupled C¼C and C–C
torsions and in-plane twists at 658 cm1, the very intense
C15–H wag at 801 cm
1, the N–H and C–H rocks and the
C–C and C–N stretches in the 1300 cm1 region, the in-
phase in-plane N–H rock at 1547 cm1 and the C¼C stretch
at 1607 cm1.
There are several notable differences between the Pr and
Pfr Raman spectra. There is a marked change in the
frequency and intensity of the C15–H wagging mode upon
FIGURE 5 Stimulated Raman spectra (solid lines) of (a) 1.25  104 M
Cph1 Pr and (b) 8.75 105 M Cph1 Pfr phytochrome obtained with a 3 mJ
Raman pump pulse centered at 790.4 nm. Integrated areas of peak fits were
used to determine the absolute Raman cross sections presented in Tables 1
and 2 using the 1049 cm1 symmetric stretch of NO3
 as an external stan-
dard. Peaks at 1049 cm1 (indicated by *) are due to the glycerol internal
standard, and the features at 650 and 760 cm1 (indicated by a y) are
detector artifacts.
TABLE 1 Resonance Raman cross sections of Cph1 (Pr)
Frequency
[cm1]
Experimental
cross section
[A˚2  1011]*
Calculated
cross section
[A˚2  1011] Delta [unitless]y
461 4.965 0.64 5.09 0.32 (0.29)
502 3.565 0.57 3.66 0.25
664 10.25 0.73 10.2 0.34 (0.31)
720 0.575 0.38 0.64 0.08
793 14.45 0.72 14.3 0.36 (0.32)
810 6.925 0.49 6.91 0.25 (0.22)
858 3.605 0.54 3.52 0.17
893 0.355 0.43 0.34 0.05
907 0.665 0.53 0.66 0.07
966 1.365 0.42 1.36 0.10
1116 1.435 0.44 1.32 0.09
1203 2.045 0.64 1.93 0.10
1222 3.915 1.51 3.86 0.14
1236 4.175 1.40 4.04 0.15
1301 8.165 2.92 8.19 0.20
1315 13.55 2.61 13.6 0.26 (0.23)
1331 3.655 0.97 3.49 0.13
1380 1.805 0.38 1.70 0.09
1456 3.065 2.35 2.96 0.12
1473 3.215 2.31 3.27 0.12
1527 1.635 0.39 1.53 0.08
1568 8.545 0.33 8.55 0.19
1630 37.55 0.78 37.4 0.39 (0.35)
1658 7.795 0.41 7.79 0.18
*Raman cross sections determined relative to the 1049 cm1 C–OH stretch
of glycerol. The glycerol differential cross section at lex ¼ 790.4 nm was
1.31  1015 A˚2 molecule1 steradian1.
yDelta values for the 295 K structure were determined with G ¼ 840 cm1,
q¼ 60 cm1, E0¼ 14770 cm1, andM¼ 2.31 A˚. Delta values for the 100 K
structure were determined using G ¼ 480 cm1, q ¼ 50 cm1, E0 ¼
14,855 cm1, and M ¼ 2.32 A˚ and are shown in parentheses when they
differ by >50.02 from the 295 K values. These values differ slightly
from those published previously in Spillane et al. (21) due to improved
fits resulting from the additional constraint of the low-temperature absorp-
tion spectrum.
Phytochrome Structure and Isomerization Dynamics 713isomerization—upon the conversion from Pr to Pfr the
frequency of this mode blue-shifts from 793 to 801 cm1,
and is greatly enhanced. It is remarkable that a nontotally
symmetric HOOP mode becomes the strongest resonance
line in Pfr; this observation is generally indicative of a
high degree of distortion in the C14–C15¼C16 bond region
(31). In addition, the C¼C stretch band is significantly
red-shifted from 1630 to 1607 cm1 in Pfr, pointing to
a decrease in the C15¼C16 bond order.
Raman intensity calculations were performed to quantify
the FC coupling of the vibrational modes with the S1
electronic excitation. The calculated displacements along
the relevant vibrational modes for each isomer were opti-
mized to reproduce their experimental Raman cross sections
(Tables 1 and 2) while simultaneously fitting their experi-
mental absorption spectra. Figs. 3 and 4 demonstrate the
good agreement between the experimental absorption
spectra (solid) and those calculated (dashed) using theparameters listed in Tables 1 and 2. The absorption spectra
are broad and, particularly at room temperature, have poorly
defined vibronic features, suggesting rapid excited-state
dynamics and/or large inhomogeneous effects. However,
incorporating an inhomogeneous parameter of >100 cm1
in the 295 K calculations and >50 cm1 in the 100 K calcu-
lations produced unsatisfactory fits, leading us to conclude
that the broad profile is due primarily to fast excited-state
decay. For comparison, the homogeneous broadening
parameters that provided the best fits to experimental data
were 840 cm1 at 295 K and 480 cm1 at 100 K for Pr,
and 1010 cm1 at 295 K and 630 cm1 at 100 K for Pfr. The
greater amount of homogeneous broadening in Pfr points to
faster excited-state decay in this conformer. The small
amount (50–100 cm1) of inhomogeneous broadening that
is present in Pr and Pfr is likely due to small fluctuations
attributed to the diversity of similar (but not identical) inter-
actions with a single chromophore binding environment.
The experimental Raman cross sections and those deter-
mined from a 24-mode Raman intensity calculation for PrBiophysical Journal 102(3) 709–717
TABLE 2 Resonance Raman cross sections of Cph1 (Pfr)
Frequency
[cm1]
Experimental
cross section
[A˚2  1011]*
Calculated
cross section
[A˚2  1011] Delta [unitless]y
651 12.85 13.7 12.7 0.24 (0.20)
658 21.05 11.1 20.8 0.30 (0.26)
683 20.35 1.99 20.2 0.29 (0.25)
719 4.535 0.50 4.80 0.14
770 9.565 0.48 9.46 0.19 (0.16)
801 1185 0.61 118 0.64 (0.54)
843 23.35 0.53 23.3 0.28 (0.24)
891 1.255 0.43 1.11 0.06
910 1.185 0.42 1.28 0.06
965 4.705 0.44 4.63 0.12
1008 0.265 0.73 0.34 0.03
1035 0.315 0.37 0.40 0.03
1113 23.25 0.79 22.9 0.24 (0.21)
1131 7.605 1.14 7.71 0.14
1192 3.985 0.53 4.20 0.10
1210 8.115 0.86 8.20 0.14
1225 2.415 1.01 2.61 0.08
1283 29.75 10.6 29.5 0.26 (0.22)
1298 27.45 14.1 27.1 0.25 (0.21)
1319 19.75 2.69 19.7 0.21 (0.18)
1354 14.65 0.64 14.6 0.18 (0.15)
1420 1.215 0.74 1.15 0.05
1444 2.105 0.54 1.97 0.06
1481 2.235 0.34 2.04 0.07
1547 13.35 0.36 13.1 0.16
1584 3.855 0.72 3.77 0.09
1607 75.85 0.63 75.8 0.39 (0.33)
1642 29.15 0.56 28.9 0.24 (0.20)
1670 1.515 0.42 1.29 0.05
1721 3.065 0.40 2.80 0.07
1754 1.055 0.38 0.83 0.04
*Raman cross sections determined relative to the 1049 cm1 C–OH stretch
of glycerol. The glycerol differential cross section at lex ¼ 790.4 nm was
1.31  1015 A˚2 molecule1 steradian1.
yDelta values for the 295 K structure were determined with G¼ 1010 cm1,
q ¼ 100 cm1, E0 ¼ 13,735 cm1, and M ¼ 1.92 A˚. Delta values for the
100 K structure were determined using G ¼ 630 cm1, q ¼ 30 cm1,
E0 ¼ 13,525 cm1, and M ¼ 1.93 A˚ and are shown in parentheses when
they differ by >50.02 from the 295 K values.
714 Spillane et al.are presented in Table 1. The experimental cross sections of
Pfr were modeled using a 31-mode vibronic analysis and
these results are given in Table 2. Relative D-values were
estimated assuming Ii f ui
2 6i
2 and the magnitude was
adjusted to fit the overall width of the absorption spectrum.
The homogeneous and inhomogeneous broadening parame-
ters were adjusted to optimize the fit to the absorption band
as described above. Efforts to model the data using a Lorent-
zian lineshape function whose width was large enough to
produce the correct Raman cross sections were unsuccessful
because it predicted a large red-edge tail in the absorption
spectrum that is inconsistent with experimental results. As
a result, we used a Gaussian homogeneous lineshape func-
tion in the calculations. In addition, attempts to use larger
relative values for the displacements resulted in absorption
spectra that were too broad, and this breadth could not beBiophysical Journal 102(3) 709–717reduced by any combination of homogeneous and inhomo-
geneous broadening parameters.
The most prominent modes in both the Pr and Pfr spectra
are the HOOP, C–H rock, and C¼C stretch. In the case
of Pr, the experimental cross sections of the C15–H
HOOP and C15¼C16 stretch are 14.4  1011 and
37.5  1011 A˚2 molecule1, and in Pfr they are 118 
1011 and 75.8  1011 A˚2 molecule1, respectively.
Whereas the cross section of the Pfr C15¼C16 stretch is
larger than that of Pr by a factor of ~2, the Pfr C15–H
HOOP is ~8.5 times larger than that of Pr. It is interesting
to note that, with the exception of the Pfr C15–H HOOP,
the D-values of each of these modes is ~0.4. For the Pfr
C15–H HOOP, however, D was determined to be 0.64. A
highly displaced HOOP wag is consistent with a nonplanar
conformation of the C- and D-rings in the Pfr state (30).
Additional evidence of a distorted structure in this region
is the decrease in double-bond character indicated by the
large downshift in the C15¼C16 stretch frequency from
1630 cm1 in Pr to 1607 cm
1 in Pfr.DISCUSSION
The primary purpose of this study is to determine the struc-
ture and excited-state dynamics of the bilin chromophore
during the photocycle of phytochrome Cph1. A clear picture
of the ground-state structure is necessary for understanding
the reaction pathway, while the early-time dynamics give
insight into the mechanism by which the protein mediates
photoisomerization. A particular point of interest is the
difference in isomerization dynamics between the forward
and back reactions: whereas the Pr / Pfr isomerization
occurs in ~3 ps (4,6,32), the Pfr / Pr isomerization
proceeds in <1 ps (5,7–9,33). Here we use RR intensity
analysis to address quantitatively the putative ground-state
conformational heterogeneity (8,16,17,20) and to reveal
the initial nuclear dynamics and mechanistic differences
between the two reactions.
Simultaneous analysis of the absorption profiles and RR
intensities allowed us to quantify the FC displacements
(D-values) of the Raman-active modes. In all cases, the
calculated absorption spectra accurately model the experi-
mental spectra, which are dominated by the 0–0 vibronic
transition and have a shoulder on the blue edge near
600 nm in Pr and 645 nm in Pfr that is conclusively shown
here to be a vibronic band due to the 0–1 transition. It is
important to note that the blue shoulder is not due to a
second chromophore species, but is instead a natural phys-
ical consequence of vibronic progressions in the absorption
spectrum. The excellent modeling of the experimental data
using a single set of parameters (given in Table 1 for Pr
and Table 2 for Pfr) leads us to conclude that both Pr and
Pfr exist as a single, homogeneous population of species in
solution at the 10–100 cm1 precision of our vibronic
measurements. It is possible that the heterogeneity observed
FIGURE 6 Representation of the initial geometric changes about the
C- and D-rings of the excited Pfr form of phytochrome Cph1. (Arrows)
Geometry change along the torsional and C15–H HOOP coordinates on
a linear excited-state surface 20 fs after excitation. The phase of the torsion
is chosen to swing the D-ring C17–CH3 group away from the steric clash
with the C-ring. The phase of the C15–H HOOP is chosen to be consistent
with the increase in the C14–C15 bond order upon p/ p* excitation; this
motion also keeps the C15 hydrogen on the same side of the C15¼C16 bond
during the isomerization.
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photointermediate species present in the sample at the
time of measurement. In the case of solid-state NMR results
(20), heterogeneity may have been introduced artificially by
the protein preparation protocol required to achieve the
desired sensitivity. However, these explanations are hypo-
thetical so further study is required to rationalize these
different conclusions.
The large D-values in the C¼C stretch, C15–H HOOP
wag, and C¼C and C–C torsional modes indicate that there
is a significant geometric change along these internal coor-
dinates after photoexcitation. Because the isomerization
occurs about the C15¼C16 bond, it is highly likely that the
torsional reaction coordinate is dissociative, meaning that
the system does not return to the FC region after excitation.
By modeling the excited-state potential of the C15¼C16
torsion as a linear surface, the intensity of this mode can
be used to make an estimate of the torsional isomerization
time. Such an analysis was previously used to successfully
predict the 200 fs 11-cis / all-trans isomerization time
of the 11-cis retinal chromophore in rhodopsin (11). Based
on density functional theory calculations, we assigned the
C15¼C16 torsion to the mode at 664 cm1 (D¼ 0.34) in Pr
and 658 cm1 (D¼ 0.30) in Pfr. If awavepacket is propagated
on the linear excited state surface of a 664 cm1 (D ¼ 0.34)
mode it will reach a dimensionless coordinate of 11, corre-
sponding to a torsional angle of 90, in only 65 fs (12). Like-
wise, for a 658 cm1 (D¼ 0.30) mode, the torsion will reach
90 in 70 fs. This analysis suggests that the isomerization
could occur as fast as 130 fs in Pr and 140 fs in Pfr if torsional
motions were the only consideration. However, this predic-
tion is approximately an order-of-magnitude faster than
experimental results, showing that a simple singlemode anal-
ysis of isomerization is inadequate for phytochrome.
In the Pr/ Pfr reaction, the molecule moves quickly out
of the FC region (~150 fs) but then reaches a local minimum
on the S1 surface due to the D-ring interaction with the
protein that must be overcome to achieve isomerization
(5). The Pfr/ Pr reaction is clearly faster, which is indi-
cated by both the low fluorescence quantum yield (Ff <
103 – 104) (34) and the short (~700 fs) excited-state life-
time (5), but its dynamics are still a factor of ~3 slower than
the times predicted by torsional FC analysis. This analysis
suggests that the Pfr S1 potential energy surface also has
a barrier due to frustrated D-ring rotation, resulting in
a hindered crossing from the excited state to the photo-
product. Although both Pr and Pfr likely encounter a steric
barrier to isomerization, we predict that the >3 higher
rate of Pfr/ Pr photoconversion is due to the significantly
enhanced Pfr C15–H HOOP D and the ~20
 pretwist of the
C14–C15¼C16 moiety that reduces the distance the D-ring
has to flip to form the photoproduct and increases its initial
velocity out of the FC region.
The greatly enhanced Raman intensity and D in the Pfr
801 cm1 C15–H HOOP and 658 cm
1 torsional modesresult from the loss of symmetry due to ground-state distor-
tions about the C14–C15 and C15¼C16 bonds caused by
the interaction between C13–CH3 and C17–CH3. The large
HOOP and torsional D-values, in turn, lead to fast excited-
state dynamics along these coordinates after optical excita-
tion. Using classical dynamics and assuming a linear
excited-state surface, we calculated the geometry change
along the 658 cm1 torsional and 801 cm1 C15–H HOOP
modes after excitation. As shown in Fig. 6, during the first
20 fs of the reaction, the C14–C15¼C16–C17 torsional angle
increases from 20 to 29 and the C15–H moves from 12 to
42 out-of-plane. Because RR intensity analysis does not
determine the absolute sign of the {Di}, the phase of the
torsional displacement is chosen to swing the D-ring
C17–CH3 group away from the steric clash with the
C13–CH3 group on the C-ring. The phase of the C15–H
HOOP is chosen to be consistent with the expected increase
in the C14–C15 bond order upon Pr/ Pfr* excitation. This
motion also keeps the C15-hydrogen on the same side of the
C15¼C16 bond during the isomerization and leads to the
formation of the C15-Z,anti configuration adopted in the Pr
state. The C15–H HOOP and torsional modes are not as
dominant in the Pr form because Pr lacks the symmetry
reducing methyl-methyl steric interaction.
The role of pretwisting in rapid excited-state decay has
been observed previously in the 11-cis retinal chromophore
of rhodopsin (35). In rhodopsin, the 11-cis retinal chromo-
phore is distorted about the C10–C11, C11¼C12, and C12–
C13 bonds due to the steric interaction between C13–CH3
and C10–H, which lowers the structural symmetry and gives
rise to highly displaced HOOP and torsional modes. After
optical excitation, the molecule undergoes rapid excited-
state motion along the C11H¼C12H A2 HOOP and torsional
coordinates and reaches the formally isomerized (>90)
photoproduct by 200 fs, although the overall structure is still
highly distorted. The distortion introduced by the cis-trans
isomerization is compensated by adjacent single- andBiophysical Journal 102(3) 709–717
716 Spillane et al.double-bond twists so that the photoproduct shape remains
similar to that of the reactant. This compensation minimizes
the disturbance to the chromophore binding pocket, thus
allowing for the fast reaction rate and resultant high reaction
quantum yield.
In contrast, the Z/E isomerization of the C15¼C16 methine
bridge of the phycocyanobilin chromophore in phytochrome
Cph1 is highly localized. Rings A–C are packed tightly
in the binding pocket, and structural changes in the
C14–C15¼C16 region of the chromophore cannot occur
without associated dramatic changes in the surrounding
protein (36) that are inconsistent with the short timescales
discussed here. As such, early time conformational changes
are limited to the C14–C15¼C16 methine bridge between the
C and D rings; steric interaction between the D-ring and the
protein prevents the molecule from completing a full isom-
erization by the <200 fs timescale predicted by a linear
excited-state torsional potential.
The slow reaction time relative to that predicted by FC
dynamics is consistent with the low (15%) isomerization
quantum yield (4). As shown here, phytochrome has highly
displaced HOOP and torsional modes that drive the mole-
cule rapidly out of the FC region. This is analogous to
rhodopsin, in which case the fast HOOP and torsional
FC dynamics and barrier-free reaction pathway allow the
11-cis to all-trans isomerization of the retinal chromophore
to proceed in 200 fs with 65% efficiency (37). In contrast,
the phytochrome bilin chromophore encounters a barrier
on the excited-state surface due to frustrated D-ring rotation
that results in a hindered isomerization that, despite getting
off to an early fast start is, in the end, relatively slow and
inefficient. However, the eventual relaxation of the D-ring
protein clash likely plays a role in driving the protein into
its new functional conformation.
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